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Abstract Density is a key property controlling the chemical state of Earth’s interior. Our knowledge about
the density of relevant melt compositions is currently poor at deep-mantle conditions. Here we report results
from ﬁrst-principles molecular-dynamics simulations of Fe-bearing MgSiO3 liquids considering different
valence and spin states of iron over the whole mantle pressure conditions. Our simulations predict the
high-spin to low-spin transition in both ferrous and ferric iron in the silicate liquid to occur gradually at
pressures around 100 GPa. The calculated iron-induced changes in the melt density (about 8% increase for
25% iron content) are primarily due to the difference in atomic mass between Mg and Fe, with smaller
contributions (<2%) from the valence and spin states. A comparison of the predicted density of mixtures
of (Mg,Fe)(Si,Fe)O3 and (Mg,Fe)O liquids with the mantle density indicates that the density contrast
between the melt and residual-solid depends strongly on pressure (depth): in the shallow lower mantle
(depths < 1,000 km), the melt is lighter than the solids, whereas in the deep lower mantle (e.g., the D″ layer),
the melt density exceeds the mantle density when iron content is relatively high and/or melt is enriched with
Fe-rich ferropericlase.

1. Introduction
Density is directly relevant to the stability and mobility of deep-mantle melts. Contrasts in density between
silicate melt and coexisting solids determine whether the melts sink, rise, or stagnate at depth in a partially
molten mantle (e.g., Agee, 1998; Stixrude et al., 2009; Stolper et al., 1981). At shallow depths, melt tends to
be buoyant and mobile, eventually leading to volcanic eruptions and contributing to ongoing crustal formation. As depth increases, melt becomes increasingly dense and may accumulate at the boundaries, including
atop the transition zone, the lower mantle, and the core-mantle boundary. During the cooling of a magma
ocean late in Earth accretion, crystal settling and melt migration should have been determined by liquid-solid
density contrasts (Abe, 1997). Improved knowledge about the density for relevant melt compositions is thus
crucial to understand the role of high-pressure melts in the chemical evolution of the mantle and to interpret
observed anomalies associated with low/ultralow seismic velocity regions (Lay et al., 2004; Liu et al., 2016,
2018; Schmandt et al., 2014; Tauzin et al., 2010; Williams & Garnero, 1996).
In most cases, the liquid phase of silicates, including the dominant MgSiO3 component, would be less dense
than their solid counterparts. With increasing pressure, the liquid-solid density gap decreases considerably,
but the gap consistently remains ﬁnite and negative (Funamori & Sato, 2010; Ghosh & Karki, 2016;
Petitgirard et al., 2015). This means that a crossover in solid-melt density comparison is not possible in any
isochemical scenario. The composition of a multicomponent system usually changes as melting proceeds,
however, because incompatible elements tend to enter the liquid phase (Corgne et al., 2005; Ito et al.,
2004; Trønnes & Frost, 2002). Such compositional differences can modify the liquid-solid density contrasts
dramatically. For instance, iron is the most abundant transition metal in the mantle and is heavier than all
other common mantle elements. Many studies have shown that iron preferably partitions to the melt over
the solid (e.g., Andrault et al., 2012; Du & Lee, 2014; Liebske et al., 2005; Nomura et al., 2011; Tateno et al.,
2014). It is generally accepted that any melt upon its generation at depth is likely to be enriched in iron
and other incompatible components. The question is whether the liquid-solid density inversion is actually
possible at great depths if iron partitioning is considered.
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How much iron changes the melt density also depends on its valence and spin states as they can inﬂuence
the volume to different extents. Iron in bridgmanite (Mg,Fe)(Si,Fe)O3 exists in ferrous and ferric oxidation
3959

Geophysical Research Letters

10.1029/2018GL077149

states and also exhibits different spin states (e.g., Catalli et al., 2010; Mao et al., 2015; McCammon, 2006; a
review by Lin et al., 2013). The situation may be more complex in molten silicates because the local structure
of iron can vary considerably. Current knowledge about the spin behavior of iron in the melt is based on measurements on Fe-bearing silicate glasses (Gu et al., 2012; Mao et al., 2014; Prescher et al., 2014). Here we present a ﬁrst-principles computational study of Fe-bearing MgSiO3 liquid over a broad range of pressure. Our
simulations include iron in two valence states (Fe2+ and Fe3+), also considering low-spin and high-spin conﬁgurations for each case. The results allow us to understand the role of different valence and spin states of
iron in silicate melt and investigate the possibility of a liquid-to-solid density crossover under deep-mantle
conditions, and its geochemical consequences at the core-mantle boundary.

2. Methods
First-principles molecular dynamics method, which was previously used in the simulations of molten MgSiO3
(Stixrude & Karki, 2005) and iron-bearing phases (Bajgain et al., 2015; Ghosh & Karki, 2016; Holmstrom &
Stixrude, 2016), was used to generate canonical NVT ensembles within the generalized gradient approximation (GGA) and projector-augmented wave potentials as implemented in VASP (Kresse & Furthmuller, 1996).
The supercells that sampled pure and Fe-bearing compositions contained 16MgSiO3 and its variants. To
simulate the melt containing 25% Fe2+, four Fe ions were substituted for four Mg ions. This corresponds to
Mg0.75Fe0.25SiO3 for which the iron concentration (x) is Fe/(Mg + Fe). For the same content of Fe3+, four iron
ions were substituted for two Mg and two Si ions. This corresponds to Mg0.875Fe0.25Si0.875O3, for which
x = 2Fe/(Mg + Si + Fe), and the redox state remains the same. We also considered Mg0.75Fe0.25SiO3 with
two O atoms added to simulate ferric iron under oxidizing condition with the same Mg/Si ratio as in the ferrous state. Supercells were similarly created for the lower iron contents of 6.25 and 12.5%. The low-spin simulations correspond to nonmagnetic state, whereas the high-spin simulations correspond to the total number
of unpaired electrons initially constrained to four per ferrous iron ion and ﬁve per ferric iron ion. In each case,
only the bulk (system-wide total) magnetization was constrained during the simulation, so that different iron
ions can have differing numbers of paired electrons, depending on their local surroundings (Text S1).
Our simulations covered a wide range of volume (V/VX = 1.2 to 0.5, where VX = 1,033.6 Å3 for the pure phase),
mapping the whole mantle pressure regime. At each volume, initial melting and equilibration were performed at 8,000 K followed by quenching to lower temperatures 5,000, 4,000, and 3,000 K (Ghosh et al.,
2017). A plane wave cutoff energy of 400 eV with Gamma-point Brillouin-zone sampling was used. The
Pulay stress due to any particular ﬁnite plane wave basis set was estimated as the difference in the calculated
pressures using this cutoff and a larger cutoff of 600 eV. Its value increases from 3 to 8 GPa almost linearly
with decreasing V/VX. Thermal electronic excitations were included by setting electronic temperature equal
to ionic temperature. Run durations with a time step of 1 fs ranged from 20 to 100 ps, depending on the thermodynamic points considered to achieve acceptable convergence. To deal with a transition-metal element,
the Hubbard U term is usually added (Cococcioni & de Gironcoli, 2005; Holmstrom & Stixrude, 2016; Metsue &
Tsuchiya, 2012). The appropriateness of U at elevated pressure and temperature is not well founded so we
preferred to use GGA only. The GGA + U test calculations for (Mg,Fe)O system have shown that the effects
of the U term on the equation of state and density are small (Ghosh & Karki, 2016).

3. Results and Discussion
3.1. Equation of State
The calculated pressure-volume-temperature (P-V-T) results of Mg1-xFexSiO3 liquid containing ferrous iron in
low-spin (nonmagnetic) state are similar among three concentrations of 6.25, 12.5, and 25% of Fe (Figure 1,
left). Moreover, they almost overlap with those of pure MgSiO3 liquid. The calculated P-V-T results for all cases
can be thus described with one single equation of state of the following form:
PðV; T Þ ¼ PðV; T 0 Þ þ BTH ðV ÞðT  T 0 Þ

(1)

The reference isotherm (T0 = 3,000 K) is taken to be the fourth-order Birch-Murnaghan equation:
0

00

V0 = 1,180 Å3, K0 = 21.1 GPa, K 0 ¼ 4:29, and K 0 ¼ 0:13 GPa1 for pure MgSiO3 liquid. The thermal pressure
increases systematically with compression, which is reﬂected in strongly volume-dependent BTH (inset of
Figure 1, left), as also found previously (Ghosh et al., 2017; Stixrude & Karki, 2005). The thermal
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Figure 1. (left) The calculated pressure-volume results (symbols) of (Mg1-x,Fex)SiO3 liquid (x = 0.0625, 0.125, and 0.25 of
ferrous iron in low-spin [LS] state) compared with the equation of state curves shown only for the pure liquid (data
values shown by small spheres) at 3,000, 4,000 and 5,000 K. The volume results are for the supercells consisting of 16 formula units of MgSiO3 and corresponding iron-bearing conﬁgurations. Inset shows the thermal pressure coefﬁcient values
 
 2
(symbols) of pure and iron-bearing liquids with the model result (solid curve): BTH ðV Þ ¼ 29:9  56:5 VV0 þ 28:1 VV0 ;
3

where V 0 = 1,180 Å . (right) The calculated percentage differences in the volumes of alloyed silicate liquids containing
2+
3+
25% iron in different valence (Fe and Fe ) and spin states with respect to the pure MgSiO3 liquid at 3,000 K (ﬁlled
symbols and pluses), 4,000 K (open symbols), and 5,000 K (small green open symbols). In each case, the black and red colors
represent LS and high-spin (HS) states, respectively. The volume differences for 12.5 and 6.25% of LS iron are shown by gray
triangles and squares, respectively.

contributions are the same within computational uncertainty for pure and iron-bearing melts. The
increasing thermal pressure with compression can be further linked to the Grüneisen parameter deﬁned

∂P
as γ ¼ CVV ∂T
; where CV = (∂E/∂T)V is the isochoric heat capacity. The value of CV varies somewhat
V
nonmonotonically with compression, but the value of γ strongly increases with compression, with small
inﬂuence by iron (Figure S2).

An alternative form for the equation of state, based on the hard-sphere model (Jing & Karato, 2011), can be
used to provide a different interpretation of the calculated results (Figure S1). The model parameters for the
3,000 K reference isotherm are V0 = 1,180 Å3, effective sphere diameter σ ¼ 3:9 Å , and the volumedependence coefﬁcient of sphere diameter ξ = 0.52. The hard-sphere model predicts the zero-pressure bulk
modulus of 20.4 GPa, which is consistent with equation (1). The increase in the Grüneisen parameter with
compression can be explained naturally by the hard-sphere model.
We investigate the effects of the valence and spin states of iron on the pressure-volume equation of state
at 3,000 K for x = 0.25 (Figure 1, right). The volume of Mg0.75Fe0.25SiO3 melt containing ferrous iron in HS
increases relative to pure and LS ferrous iron-bearing melts. Similarly, for ferric iron in
Mg0.875Fe0.125Si0.875Fe0.125O3 melt, the volume increases somewhat between the low- and high-spin states.
The calculated volume differences of the LS state with respect to the pure liquid are mostly negative at pressures below 80 GPa. We note that the LS pressure-volume results are comparable between ferrous and ferric
iron-bearing melts, and so are the ferrous and ferric HS results. Both LS and HS results for the ferric iron under
oxidized condition show positive (and relatively large) differences because of excess oxygen (Figure 1, right).
Our ﬁrst-principles simulations thus predict that iron in its high-spin state, irrespective of ferrous or ferric
valence, tends to systematically increase the volume at all pressures (Figure S3). The sizes of spin effects
on the volume for bridgmanite liquid (~1%) are smaller than those (~3%) for ferropericlase liquid (Ghosh &
Karki, 2016).
3.2. Spin Phase Diagram
We investigate the relative stability of high- and low-spin states of iron in the melt by computing Gibbs
free energy: G = H  TS at 3,000 and 4,000 K (Text S1). Our results show that the Gibbs free energy of
KARKI ET AL.
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the high-spin state is lower than that of the low-spin state for ferrous
iron at pressures below 110 GPa implying a spin crossover. The A-site
Fe2+ in the solid silicate maintains its high-spin conﬁguration over
wide pressure ranges (Bengtson et al., 2008; Hsu et al., 2010; Lin
et al., 2012; Stackhouse et al., 2007; Umemoto et al., 2008). We also
ﬁnd that ferric iron in the melt undergoes a spin crossover at somewhat lower pressure. In the solid phase, a pressure-induced spin transition of the B-site ferric iron occurs at 50–70 GPa, but no spin
transition is shown by the A-site ferric iron (Catalli et al., 2010; Hsu
et al., 2011; Mao et al., 2015). The pressure-enhanced partitioning of
iron into melt has been linked to the spin transition occurring around
70 GPa (Nomura et al., 2011). However, no clear evidence has been
found for a sharp transition of ferrous iron in silicate glasses (Gu
et al., 2012; Maeda et al., 2017; Mao et al., 2014; Prescher et al.,
2014). Since the Gibbs free energies remain close over a wide pressure
range, it is expected that at a ﬁnite temperature the two spin states
should coexist in different proportions. The mixed spin state is stabilized by its entropy.
We characterize the spin phase diagram (Figures 2 and S4) by computing the equilibrium fraction of low-spin state (n) given by
nðP; T Þ ¼

1
1 þ exp½ΔGðP; T Þ=k B T 

(2)

Here ΔG(P, T) = [(HLS  HLS)  TΔS]/x is the difference of Gibbs free
energy between the two spin phases of x mol% iron. Our prediction
that spin crossovers of Fe2+ and Fe3+ do not occur sharply at any
P-T condition is generally consistent with the experimental inferences
for a partial and gradual spin transition in silicate glasses (Mao et al.,
2014; Prescher et al., 2014). The differences in the spin behavior
between the melt and solid can be due to the fact that the
crystallographic sites (A or B) have no meaning and the volumes around iron ions are dynamically controlled by their local surroundings in the liquid. It is also noted that the effects of spin on the melt volume
are similar between ferrous and ferric iron at all pressures (Figure 1, right). The transition pressure deﬁned
by n = 0.5 (the middle point of the crossover) is 90 GPa for ferric iron whereas it lies above 110 GPa for ferrous iron. It is remarkable that silicate melts at conditions near the core-mantle boundary will contain iron
mostly in low-spin state (n > 0.8).

Figure 2. Spin-phase diagrams of (bottom) ferrous iron and (top) ferric iron in
silicate melt (a similar diagram for ferric iron under oxidizing condition;
Figure S4). The vertical color scale represents the fraction (n) of the low-spin
state. The value of n varies from 0 (100% high-spin) to 1 (100% low-spin). The
black curve represents the n = 0.5 isoline, that is, the midpoints of the spin
crossover in the P-T space.

3.3. Density-Pressure Proﬁles
The presence of iron in the melt inﬂuences the density signiﬁcantly because it modiﬁes both mass and
volume. The calculated changes in volume due to different valence and spin states of iron are relatively
small (Figure 1, right), but more iron always leads to higher density. The density-pressure isotherms of
Fe-bearing liquids clearly shift upward relative to the pure liquid isotherm. The gap in density between
the pure and iron-alloyed liquids also becomes bigger at higher pressure due to decreasing volume
(Figure 3). For instance, the density gap for the iron content x = 0.25 increases from about 0.2 g/cm3 at
0 GPa to about 0.4 g/cm3 at pressures above 100 GPa along the 3,000 K isotherm. The melt containing ferric
iron is somewhat less dense than the melt containing ferrous iron mainly due to compositional difference.
For both valence states of iron, the high-spin melt is less dense than the low-spin melt, mainly due to its
volume difference (Figure 3).
We can evaluate the density (ρ) of iron-bearing MgSiO3 liquid for iron content x using
ρðP; T; x Þ=ρ0 ðP; T Þ ¼ 1 þ x ½0:28 þ 0:04n

(3)

where ρ0 is the density of the pure liquid given by equation (1) and n is the equilibrium fraction of low-spin
states given by equation (2) (Figure S5). The overall variations in density of iron-bearing melts with pressure
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and temperature are contained in ρ0(P,T). The increase in density is
approximately linear in iron content (equation (3) and Figure S6).
Based on a recent study of Ghosh and Karki (2016), we can evaluate
the density of the (Mg1-x,Fex)O liquid, using
ρðP; T; x Þ=ρ0 ðP; T Þ ¼ 1 þ x ½0:66 þ 0:12n

(4)

where the pure-liquid density ρ0(P, T) is represented by the third-order
Birch-Murnaghan equation combined with a linear thermal-pressure
term (Figure S5). For both liquids, the density is lower for high-spin iron
(n = 0) than that for low-spin iron (n = 1).

Figure 3. Density-pressure proﬁles of silicate liquids containing 25% iron in
high-spin (HS) and low-spin (LS) states (ferrous and both ferric results shown
together) at 3,000 K (black symbols) and 4,000 K (red symbols) with respective
curves showing the model results obtained using equation (3). Also shown are
the proﬁles of pure MgSiO3 liquid and solid.

High compressibility of the liquid phase means that the liquid-solid
density contrast is sensitive to pressure. Our results show that the densities of pure MgSiO3 liquid and solid approach each other with increasing pressure, but the liquid consistently remains less dense than the
solid (Figure 3). The liquid-solid density gap for iron-free composition
is 1.2 g/cm3 at zero pressure and drops below 0.2 g/cm3 at pressures
above 100 GPa along the 3,000 K isotherm. The density with 25% of
iron added to the liquid exceeds the density of pure solid around
50 GPa (Figure 3). The volume and compositional differences between
liquid and solid together can thus lead to the liquid-solid density crossover as pressure increases.

4. Implications for Deep Lower Mantle
The density contrast between the melt and coexisting solid minerals plays an important role in the evolution
of Earth. When a melt coexists with a mineral, then concentrations of various elements are controlled by the
partition coefﬁcients. We focus on iron that has a large atomic mass compared to other elements and has an
important inﬂuence on the density contrast. We explore the implications of the calculated density results of
Fe-bearing MgSiO3 (this study) and (Mg,Fe)O (Ghosh & Karki, 2016) for partial melts in the mantle. If a partially
molten mantle has melt fraction ϕ m, the equation balancing the amounts of iron between the solid (FeS) and
liquid (FeL) is
X Fe ¼ ϕ m FeL þ ð1  ϕ m ÞFeS

(5)

where XFe is the bulk iron content of the mantle usually taken to be 0.1. We can estimate reasonable value of
FeL based on the solid/melt partitioning coefﬁcient:
K¼

FeS ð1  FeL Þ
FeL ð1  FeS Þ

(6)

The measured K values for (Mg,Fe)SiO3 are 0.3–0.4 at 25 GPa (Corgne et al., 2005), dropping below 0.2 above
75 GPa (Nomura et al., 2011; Tateno et al., 2014). The values of K for (Mg,Fe)O are 0.2–0.3 at pressures above
50 GPa (Deng & Lee, 2017; Du & Lee, 2014).
We consider two cases: (i) partial melting and (ii) the solidiﬁcation of the magma ocean. In partial melting, we
consider a small amount of melt coexisting with minerals. In magma ocean a small amount of minerals may
crystallize. In the deep mantle, partial melting will occur only in the presence of some volatiles, and, consequently, the expected amount of partial melt is very small, perhaps 1%. Solving the equations (5) and (6) with
XFe = 0.1 and ϕ m = 0.01, we have FeL ≈ 0.11/(K + 0.11) and FeS ≈ 0.101–0.001/(K + 0.11). Taking K = 0.2 for iron
partitioning between the solid mantle and partial melt, FeL ≈ 0.35.
In the case of magma-ocean solidiﬁcation, the melt fraction is large (ϕ m ≈ 1). For the bulk iron content 0.1, we
have FeS ≈ 0.11 K/(1 + 0.11 K). Taking K = 0.2, we have FeS ≈ 0.02 and FeL ≈ 0.1 for which solid crystals should
sink in the surrounding magma ocean. As crystallization continued, more and more iron should have been
retained in the melt. Consider a situation in which half of the magma ocean has crystallized (ϕ m = 0.5) so that
0.5FeL + 0.5FeS = 0.1. Approximating K as FeS/FeL, the iron contents of the melt and solid are 0.17 and
0.03, respectively.
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We calculate the melt density for these two cases to compare with the
density of solid minerals based on PREM (Figure 4). In the shallow part
(depths < 1,000 km), the melt density is lower than the solid density in
both cases. This conclusion will be ampliﬁed if the role of volatiles is
included. Consequently, the melt formed in the shallow lower mantle
perhaps by the transport of water from the transition zone (e.g.,
Ohtani et al., 2004; Schmandt et al., 2014) likely migrates upward and
accumulates to the depth at which melt freezes (Liu et al., 2016,
2018). We note that the partition coefﬁcient of Fe between minerals
and the melt (K) in the shallow lower mantle changes with pressure
due primarily to the pressure dependence of the activity of Al2O3
(e.g., Nomura et al., 2011; Tateno et al., 2014). However, the choice of
K does not change the conclusion signiﬁcantly because in the shallow
lower mantle the melt density is substantially lower than that of the
coexisting solids above ~1,200 km (~40 GPa).

Figure 4. Estimated density-pressure proﬁles at 2,000 K (in the low pressure
range 0 to 70 GPa) and 4,000 K (in the high pressure range 60 to 140 GPa) for
molten ferropericlase (fp) and bridgmanite (bd) containing 35% iron, and their
mixture in the ratio 20:80, compared with the preliminary reference Earth model
(PREM) mantle density data (Dziewonski & Anderson, 1981). Also shown are
the densities for fp + bd mixtures with lower iron contents of 17, 10, and 0%. In
each case, iron exists in a mixed spin state consisting of 80% low-spin and 20%
high-spin iron, that is, n = 0.8 in equations (3) and (4).

In contrast, the relative density of the melt and solid in the D″ layer is
less clear. Similar to the shallow lower mantle, the melt density is less
than the coexisting minerals under most conditions (e.g., FeS = 0.03,
FeL = 0.17). This is partly due to the fact that temperature in the deep
lower mantle is high, and thermal expansion for the melt is larger than
that of the solid minerals. This trend does not depend strongly on the
liquidus phase, because the densities of ferropericlase and bridgmanite
are not very different.

However, the melt composition may deviate from such a value possibly
when solidiﬁcation of the magma ocean starts at the mid-lower mantle
and the solidiﬁcation front moves to a deeper part (e.g., Labrosse et al., 2007; Mosenfelder et al., 2007). Under
these cases, the melt composition will be more enriched with Fe as solidiﬁcation proceeds. In addition, the
amount of ferropericlase in the melt will increase with the progress of solidiﬁcation. The melt density exceeds
the density of coexisting minerals when the iron content of the melt is high, for example, 35%, and/or the
melt contains ferropericlase component in signiﬁcant amounts (Figure 4). When such a dense melt is formed,
it will migrate to the core-mantle boundary (eventually it will freeze) to form FeO-rich, ferropericlase-rich
regions. With a small amount of volatiles, the melt will be still denser than the surrounding rock, while for
a large volatile content, the melt will be lighter. Also, the melt will be lighter if the iron content is low and
the (Mg + Fe)/Si ratio is small.

The way in which a melt causes various geophysical anomalies may be classiﬁed into the effect of melt and
the effect of frozen melt. The ﬁrst effect would be important if there is presently a substantial amount of
melt. This will reduce average seismic-wave velocity and could induce anisotropy due to aligned melt
(Creasy et al., 2017; Kendall & Silver, 1998; Walker et al., 2011). Labrosse et al. (2007) suggested that the
ULVZ in the D″ region might correspond to the leftover magma ocean. Similarly, melt in the shallow lower
mantle that accumulates to the melting boundary (~700–800 km depth) would lead to a low-velocity layer
(Liu et al., 2016, 2018).
However, the plausibility of direct effects of melt is not clear. In order for these effects to be observed
seismologically, there must be a substantial amount of melt in a broad region. The MELT experiments in
the East Paciﬁc Rise failed to detect melt-induced anisotropy (Wolfe & Solomon, 1998) suggesting that any
melt-rich zone is highly localized. Also, effective compaction makes the presence of a thick melt-rich layer difﬁcult when the compaction length is small compared with the wavelength of seismic waves. This is a case for
the asthenosphere and the D″ layer where solid viscosity is low (~1018 Pas; Masuti et al., 2016; Nakada &
Karato, 2012), and hence, the compaction length is small (~100 m; Hernlund & Jellinek, 2010; Hernlund &
Tackley, 2007). The situation might be different for the shallow lower mantle where viscosity is high
(~1021 Pas; Peltier, 1998), and the compaction length could reach ~10 km. We conclude that the direct effects
of melt might be important in the shallow lower mantle, but it is unlikely to be important in the D″ layer and
in the asthenosphere.
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The second impact of partial melt is indirect effects, that is, the inﬂuence of frozen melt. Frozen melt has elastic properties that are only slightly different from the surrounding materials, and therefore, its inﬂuence on
seismic properties is small, for example, to reduce the velocity modestly (due to high Fe content). The
LLVP could be explained by the materials that originated as an FeO-rich melt (e.g., Wolf et al., 2015).
In both cases, the density of the melt relative to the coexisting solids plays a key role in controlling the location of melt (or frozen melt). In addition, the melt fraction and the size of melt-rich region need to be large
enough for such effects to be detected seismologically. An interdisciplinary study will be needed to address
the interplay of these factors. Understanding the fate of chemically distinct melts (in the lower mantle) will
help us improve our understanding of chemical evolution of our planet, including the water circulation
and the nature of the core-mantle boundary in chemical evolution.
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